Background and Purpose: The ultrasonic image can offer unique information on the composition of atherosclerotic plaque, ie, the relative content of lipids, fibrous tissue, and calcific deposits. To date, however, the echographic assessment of plaque structure is based on a subjective, qualitative evaluation
T he ultrasonic image can offer unique information on the composition of atherosclerotic plaque, ie, the relative content of lipids, fibrous tissue, and calcific deposits.1-4 To date, however, the echographic assessment of plaque structure is based on a subjective, qualitative evaluation of the B-mode images.
Ultrasonic tissue characterization consists of the identification and characterization of abnormalities in the physical state of biologic structures based on quantitatively analyzing interactions between ultrasound and tissue.56 In particular, the measurement of the reflected ultrasonic energy ("backscatter") is a robust although technically demanding method to identify differences in echoic tissue characteristics7,8 and appears ideally suited for noninvasive assessment of plaque structure, as demonstrated by in vitro studies. [9] [10] [11] [12] [13] [14] [15] We performed ultrasonographic examinations of the carotid arteries and assessed the acoustic properties of atherosclerotic plaques by means of a suitably modified echographic apparatus allowing direct access to the radiofrequency signal in 15 patients who subsequently underwent endarterectomy. The ultrasonic findings were correlated with the histological analysis, independently performed on the arterial samples.
Subjects and Methods In-hospital patients of the Neurosurgery Division, all with carotid stenotic (70% or greater lumen reduction) atherosclerotic plaques documented by conventional duplex scan and angiography and scheduled for thromboendarterectomy, were initially considered for ultrasonic tissue characterization study. All The quantitative analysis system was developed in our institution and is similar, from the conceptual as well as from the engineering point of view, to the one we adopted in previous cardiac studies. [16] [17] An ESAOTE Biomedica two-dimensional mechanical sector scanner echograph based on an electronically focused anular array transducer was used for spatial orientation of the ultrasound beam; quantitative analysis of ultrasonic reflectivity was performed in the regions of interest, always placed within the arterial wall. These regions were visualized in the short-axis view.
A 7.5-MHz nominal frequency transducer was used whose focal region extended from 0.7 to 4 cm, dynamically ensuring a uniform beam width all over the sampled tissue; this beam width was estimated as 0.8 mm at -3 dB. The acquisition was flashed at the time point of smallest artery size to minimize the sampling problems inherent to radial movement of the artery.
The "native" radiofrequency signal was sampled before the processing chain of the two-dimensional instrument (Fig 1) . The radiofrequency signal underwent preamplification, bypassing the receiving circuits of the ultrasonic equipment. The analog signal was fed to an amplifier, and the gain sweep of the amplifier (2 to 60 dB) was prototype developed in our electronics laboratory. 18 The two-dimensional acquisition gate was visualized on the two-dimensional image so as to ensure its proper positioning; it usually encompassed the whole crosssectional two-dimensional image of the artery.
The hardware analysis involved the measurement of the integrated amplitude of the rectified radiofrequency signal corresponding to the two-dimensional area selected from the echographic image. The signal analysis was performed off-line on the previously digitized images. In normal walls, the region of interest was placed in the subintimal-medial layer. The adventitia and the lumen were excluded from the analysis. For analysis of the plaque, sampling the radiofrequency signal usually occurred in the subintimal-medial layers of the arterial walls, thus excluding intimal and adventitial specular reflections. The region of interest was of variable size (ranging from 1000 to 3000 pixels, the geometric dimension of the pixel being 18 x 250 ,um) and shape, depending on the plaque dimension and geometry (Fig 2) .
More analytically, the two-dimensional integrated backscatter index (2D-IB) was calculated over a tissue area, ie, corresponding to an (n-m) segment in depth and an (r-l) segment in lateral displacement, as follows: represents the processing over the depth of the interrogated tissue; S(xj, yi) is the sequence of the digitized backscattered echoes over the selected two-dimensional area and is expressed in millivolts.
The system provides a simultaneous display of conventional information together with tissue characterization parameters (the 2D-IB alphanumeric index and the lateral displacement profile averaged over the selected depth). Alphanumeric 2D-IB data values were transferred on-line to a personal computer (AT model) for statistical analysis. Two-dimensional integrated backscatter index results were expressed as mean IB value and in decibels. To obtain the mean IB value, the global value of 2D-IB in the region of interest was divided by the number of pixels of the region of interest itself. The same values were also expressed in decibels (a relative measurement unit of sound energy, conventionally used), referred to an external specular reflection (previously acquired, and with very high reflectivity), and calculated as follows: 20 log V/ Vr. V and Vr are both primary 2D-IB values and are expressed in millivolts. In particular, V is the value corresponding to the region of interest in the artery; Vr is the value corresponding to the reference external reflection.
Histological Analysis
Each arterial sample was studied histologically with hematoxylin-eosin and Mallory trichrome stains. In a side-by-side correlation with the ultrasonic image, each region of interest assessed by quantitative tissue characterization was also evaluated by an experienced pathologist (G.V.P.), who was blind to the echo results and allocated each region of interest according to generally accepted criteria'9 to one of the following groups: normal arterial wall; intraluminal thrombosis; intraplaque hemorrhage; fatty (characterized by accumulation of lipids in the intima); fibrofatty (usually characterized by a fibrous cap and a lipid core); fibrous (ie, wall thickening due to connective tissue, which occupied more than 50% of the sampled area); and calcified (presence of calcified atheromata within the arterial wall, with microscopic calcification being arbitrarily defined as significant when it covered 5% or more of the total sampled area).
Statistical Analysis
Data were reported as mean±SD. Intergroup differences were tested for significance using analysis of variance, with subgroup analysis by the Newman-Keuls test.20 A value of P<.05 was considered to be statistically significant.
Results
A total of 70 regions of interests were analyzed by quantitative ultrasound; the corresponding histological data were also assessed.
Representative ultrasonic images of a normal wall and of a plaque belonging to different pathological subsets are shown in Fig 2 ( with the conventional B-mode image and the frequency histogram of backscatter amplitude in the-selected region of interest) and Fig  3 ( with the time and frequency domain representation of the backscattered signal in the region of interest).
Of the 70 regions of interest, histology identified 11 normal regions (-32.5±9.4 dB), 5 '-15 In particular, the internal backscatter of the arterial wall rises markedly from lipidic to fibrofatty to calcific plaques. Such differentiation can be reliably achieved even with the "peak amplitude value" of the reflected signal, which, unlike the internal backscatter, is much simpler to obtain but also markedly phase sensitive.9 In our study, we used an index related to the internal backscatter, which is derived through a frequency and spatial averaging method and can therefore be considered relatively phase insensitive, since fluctuations are expected to occur randomly and may fall within statistically specified limits.
We also elected to avoid the intimal interface in the acquisition of our regions of interest. In vitro studies document that if one measures only the first interface echo, there is a variable amplitude value for all plaque subsets except for lipidic plaque, showing a consistently low amplitude value.'3 Furthermore, the marked angle dependence of the intimal echo14 makes it unsuitable for quantitative acoustic assessment in vivo, where regions of interest are frequently off axis. This is especially true in the setting of our study, since plaques could be located either in the common carotid artery, which typically is parallel to the skin surface and has interfaces that are relatively perpendicular to the angle of insonation, resulting in better imaging, or in the internal carotid artery/bulb area, which is frequently not parallel to the skin surface.
Furthermore, although the internal backscatter of the artery is partially angle dependent because of the architectural arrangement of arterial scatters, which can be physically identified in collagen bundles and calcium laminas, the difference in echoreflectivity between different plaque subsets is maintained over a large angular Third, with the apparatus used in this study both conventional and quantitative (radiofrequency) imaging are built into the same basic hardware, allowing a simultaneous integrated representation of the insonated tissue in its variables of anatomy and structure.
Finally, the information generated by the analysis is not only discriminative but also immediately available to the physician, with the original radiofrequency signal in the time domain, captured along one line of the region of interest (somewhat similar to an M-mode line of view in a conventional B-mode image), side by side with a color-coded region of interest and with the fast-Fourier transform of the signal, in which the backscattered signal is proportional to the area under the curve.
Radiofrequency-based ultrasound imaging of the atherosclerotic plaque allows the quantitative assessment of plaque composition, thus integrating the conventional imaging information on plaque geometry in a short but diagnostically critical section of the carotid artery. This relatively simple, quantitatively displayed information can represent an important improvement for future studies on the biochemical remodeling of the atherosclerotic plaque after dietary, pharmacologic, or mechanical interventions.
